PM Alloy N625 is used primarily in environments where high strength and corrosion resistance are required. The pre-alloyed powder is manufactured by inert gas atomization and consolidated by hot isostatic pressing (HIP). This study used dimensionless parameters to directly compare the microstructure evolution of this alloy with the evolution of the geometric models used for HIPing. The results suggest systematic differences between the microstructure evolution of the experiments and the model geometries.
Introduction
The production of superalloys by powder metallurgy offers potential advantages over casting. These include the elimination of macroscopic segregation and solidification structures as well as the potential benefit of near-net shape capability.( 1) A variety of techniques have been used to consolidate superalloy powders. Hot isostatic pressing (HIPing) is one of the most effect techniques for removing all the pore volume. Given the expense of this technique, the prediction of the shape and size of the steel 'can' is a significant issue.
Other than direct experiment, the most popular approach to the prediction of shrinkage in HIPing is continuum mechanics modeling.(2) However, the intrinsic limitation of this approach is the series of experimental measurements that must to be performed on every material to determine the required constitutive parameters. An alternative approach is to use micromechanical models to predict the constitutive parameters needed to implement the continuum mechanics models. The micromechanical models are commonly based on the physical processes that are thought to control the kinetics of densification. Very simple ordered microstructures are commonly used to scale the physical processes to the microstructure. Hot isostatic pressing diagrams are an example of this type of model. (3) The diagrams compile the calculated densitication kinetics based on knowledge of the densitication mechanisms, a range of material parameters, and the isothermal conditions used for HIPing.
The ordered microstructures used in the micromechanical models have not changed much since they were first proposed for analytical models of sintering. Iu the recent past, the evolution of microstructures during sintering and HlPing has been compared with the evolution of the ordered geometries used to represent the stages of sintering.(7) This comparison used metric stereological properties which can be easily measured and readily calculated for the model stages. Surface area densities of solid-solid interface and solid-vapor interface were chosen for this purpose because they have unique values for any microstructure and they arc commonly used to calculate derived microstructural quantities such as grain size and pore size.(g) The direct comparison of the models and the experiments, as a function of density, required the use of dimensionless parameters which avoided the need to define a microstructural length scale in either the experiments or the models(7) The dimensionless parameters also allowed microstructures to be compared independent of issues relating to length scale.
In this study, the microstructure evolution during HIPing was compared with the evolution of the model stages as a function of density. The material was a nitrogen gas atomized 625 alloy powder. The final HIPed material combines high strength and good corrosion resistance.(9) For initial stage sintering both face centered cubic (fee) and simple cubic (SC) arrangements of spheres were used in the model. The results for the model stages were plotted between their limits of self consistency. No physical reasoning was used to further limit the density ranges of the model stages.
Two dimensionless parameters were used for the model calculations. The first parameter XSvss, is the product of the average grain intercept length, h, and the surface area density of solid-solid boundary Svss. The second is hS "sv where S,sv is the surface area density of solid-vapor interface. The definition of average grain intercept length assumed that there was no pores in the grains. In terms of the experimental results, the solid-solid boundaries at particle necks were counted separately from solid-solid boundaries (grain boundaries) within the particles. Hence, the experimentaly determined dimensionless parameters could be plotted for the grains using the total surface area density of solid-solid interface in the sample, SvssT and the average grain intercept length, &. The dimensionless parameters could also be plotted for the particles using only the surface area denity of solid-solid interface at particle necks, Svssp and the average particle intercept length&p. This allowed for the comparison to be made with and without the intraparticle structure.
Exoerimental Procedum
The composition of the N625 alloy powder is listed in Table I and Table II: Interrupted HIP cycles were performed using the same computer controlled heating and pressurization cycles. The samples used in this study were HIPed at 5OMPa and 845OC for times ranging from 62 minutes to 287 minutes. The samples were removed from the mild steel cans and the sections to be used for microscopy were cut from the center of the HIPed samples.
Metallographic sections were electrolytic etched with an aqueous solution of 5% nitric acid and 5% glacial acetic acid and examined with a LECO 200 1 image analyzer at 500x magnification. Intercepts were then counted automatically for solid-vapor interface, solidsolid interface at particle necks and solid-solid interface inside the particles. This allows for the calculation of the surface area densities for solid-vapor interface, solid-solid interface formed at particle contacts and solid-solid interface inside the particles. There was no evidence of solid-vapor interface inside the particles. However, it was not always possible to distinguish between small grains of the matrix and grain boundary precipitates during the analysis. Therefore the measured surface area density of intraparticle solid-solid interface contained some contribution from the larger grain boundary precipitates as well as the matrix grains. The average grain intercept length, average pore intercept length and average particle intercept length were also calculated with the intercept data. Finally, the area fraction of pores was determined. For each HIP condition the measurements of intercepts and area fraction were conducted on five separate images, selected at random on each sample. The total number of intercepts counted was at least 500 for both the solid-solid and solid-vapor interface. In the density range 85% to 90%, the predictions for initial stage (fee) and final stage gave similar values of h&P. Experimental results are also plotted for h&ssT where hg is the average grain intercept length and SvssT corresponds to the total solid-solid interface in the material. These results, labeled "grains" in figure 1, gave values of h&ST which increased from 1.3 at a relative density of 80% to 1.6 at a relative density 89%. While the observed trend in h,S, SST was consistent with the models, the measured values were much higher. None of the model stages gave predictions of hs,ss above 1.1 in this density range. By separately counting the solid-solid intercepts on particle-particle necks it was possible to define an average intercept length for the particles & and the surface area density of solid-solid contacts at particle necks Svd. Thus the dimensionless parameter I&+@' could be measured. The results are labeled "particles" in figure 1 . These results show much closer agreement with the models, especially initial stage (fee). All the experimental measurements of h$, SSP are within the experimental error of the initial stage (fee) prediction. The dimensionless parameter hS "sv as a function of density for the model stages and the experimental results, h&P' for the "grains" and L&P for the "particles" Figure 2 shows the predictions of hSv sv for the initial stage models and the final stage model. All the models showed a decrease in this parameter as the relative density increased. For the initial stage models, the simple cubic packing arrangement gave a lower prediction of IS, sv than the fee arrangement. The final stage model and initial stage fee model again show similar predictions for h&P' in the density range 85% to 90%.
Experimental measurements of the average grain intercept length and the total surface area density of solid-vapor boundary allowed for the calculation of h&P' for the HIPed N625 alloy. The experimental values, labeled "grains", show a modest decrease in $$,sv from 0.6 at a relative density of 80% to 0.4 at 89%. These values were much lower than the model prediction in the same density range. The same dimensionless parameter could be 786 measured for the "particles" using the average particle intercept length hP and the surface area density of solid-vapor boundary, Svsv. The results for h&P' varied between 2.2 at 80% and 1.7 at 89%. These values were well above the experimental results for the "grains". Again, the results for the "particles" were in good agreement with the initial stage (fee) model. Discussion
The two dimensionless parameters used in this study allow for a direct comparison between the model stages of densification and experimental results. The parameters hS,ss and hS,sv require the measurement of two stereological quantities that have unique values for any microstructure. The average intercept length is a derived length scale based on the surface area density measurements and the assumptions that there are no pores in the grains or the particles. In terms of the model stages, the dimensionless parameters can be calculated directly since they are only a function of relative density for the ordered arrays of spheres and tetrakiadecahedrons used in the model stages(7) Therefore, a new methodology exists for directly comparing the microstructure evolution of real materials with the evolution of the analytical models commonly used to make dynamic predictions of density as a function of time.
This study made comparisons of the models with experimental determinations of the total surface area density of solid-solid interface SVssT, the solid-vapor interface S,sv and the average grain intercept length h, The results show that the model stages underestimate hS,ss in comparison with hgSv SST and overestimate hSvsV when compared with hgSvsV.
This disagreement could be interpreted in terms of the internal grain structure of the particles which is not accounted for by the models. The internal structure would tend to increase Svss and decrease Svsv in comparison with the models and thus account for the observed differences. In this study the image analysis was not able to distinguish between small grains of the matrix and some grain boundary precipitates. Therefore not all the precipitates were removed by image processing. This would tend to increase the difference between the model predictions and the results for the grains.
Some possible geometrical refinements to the models would result in better agreement between the models and the experimental determinations of microstructure. One such refinement would involve adding internal grain structures to the spheres or the tetrakiadecahedrons so that they represent particles and not individual grains. Hence, the pores in the models would represent the inter-particle pores. Such pores would be larger relative to the grain size than when the spheres or the tetrakiadecahedrons are taken to represent individual grains. The new refined model would increase Svss and decrease Svsv in comparison with the original models where the spheres and polyhedra are taken to represent grains. Therefore, better agreement would be expected between the model and the experiment.
The gas atomized N625 alloy powders examined in this investigation are representative of the simplest case of the modified models in which powder compacts are made up of dense, spherical, polycrystalline powder particles. By separately counting the solid-solid intercept at particle necks, the internal structure of the particles could be effectively removed for the comparison with the models. The results in figure 1 and figure 2 showed that this lead to much better agreement with the models in terms of the variation of the dimensionless parameters with relative density. In the density range of the experimental results the agreement between the experimental results for the particles and the initial stage fee model was very good. This clearly showed that better agreement is obtained if the internal structure of the particles is removed. The problem encountered in distinguishing between small grains and some grain boundary precipitates is also avoided in this approach.
While the results of this study tend to support the refinement of the analytical models of sintering by placing internal grain structure into the spheres or tetrakiadecahedrons, this may not be appropriate to all cases. There are other refinements that can also give better agreement between the models and experimental results. For example, some of the porosity could be included as vacancies in the arrangement of spheres or tetrakiadecahedrons used to represent the grains. This would also lead to an increase in hS,ss and a decrease in h&P' such that the model better reflected the trends in the experimental results of hgSvssT and h&P'. It may be necessary to conduct quantitative microscopy before choosing an appropriate refinement to the model for a particular type of powder.
It must also be remembered that the refined models will only reflect the real microstructures in terms of the microstructural averages that were used to define the dimensionless parameters used in this study. They are not meant to fully describe the changes in the microstructure. This would require the consideration of particle size distribution and the spatial heterogeneity in the particle packing. Despite this, the addition of an internal grain structures into the model may be a suitable refinement for developing micromechanical models for the HIPing of gas atomized metal powders.
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Conclusions
Dimensionless parameters were used to directly compare the microstructure evolution of a HIPed gas atomized N625 metal powder with that of the model stages of sintering commonly used in the micromechanical modeling of HIPing. The results show that the models underestimate h&ss and overestimate hS,sv when the internal structure of the metal particles are included in the measurements. Removal of the internal structure gave much better agreement between the models and the experimental results. This suggests that the geometrical models for the stages of sintering could be refined to include an internal grain structure in the spheres and polyhedra.
